A B S T R A C T Human peripheral blood neutrophils obtained from healthy adults were examined in vitro.
We assessed the effects of sequential stepwise increases in the concentration of the chemotactic dipeptide N-formyl-L-methionyl-L-phenylalanine (f-MetPhe) on neutrophil attachment to serum-coated glass, detachment from serum-coated glass and the distribution on the cell surface of binding sites for albumincoated latex beads. The initial exposure to f-Met-Phe resulted in increased adhesiveness and binding of latex beads in a random pattern over the cell surface. The second exposure to f-Met-Phe resulted in decreased adherence, detachment of neutrophils from serum-coated glass, and movement of binding sites for latex beads to the uropod. Enhanced adhesiveness and redistribution of binding sites were blocked by 0.1 mM N-a-p-tosyl-L-lysine chloromethyl ketone, a concentration that did not reduce the change in cellular shape caused by f-Met-Phe. Cytochalasin B (5 ,ug/ml) blocked the redistribution of binding sites as well as the change in shape. The third exposure to f-Met-Phe was given along with the latex beads. The stimulus was stopped after 2 min by fixing cells in suspension with glutaraldehyde. If the third exposure was at a concentration higher than the second, the beads were bound in the region of the lamellipodia in 70% of the cells. If lower, binding to the lamellipodia was found in a significantly smaller proportion of cells (13%). The results support the concept that neutrophils develop a polarized distribution of f-Met-Phe-induced adhesion sites in response to increasing concentrations of f-Met-Phe, and these sites flow from the region of the lamellipodia to the uropod. INTRODUCTION Neutrophils attached to a substratum in vitro acknowledge recognition of a gradient of chemotactic factor
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(CF)l by orienting and migrating toward the source of the gradient (1, 2) . The cell seems to detect a concentration difference across its diameter, though little information is available on the mechanisms involved (3) . An understanding of the cell's ability to discriminate CF concentrations may come from careful investigation of the effects of repeated exposure of neutrophils to CF. Studies using such an approach have shown that the initial exposure of neutrophils to a high concentration of CF alters the cell's response to a second challenge with the same CF. The altered behavior can be detected in the cell's adhesiveness (4, 5) , chemotactic and random migration in the Boyden (4-7) and agarose (8) assays, lysosomal enzyme release (9, 10) , and chemiluminescence (11) , and has been characterized as desensitization or deactivation. The high CF concentration in the initial stimulus induces lysosomal enzyme release (9, 10), apparently irreversible enhancement ofadhesiveness (4, 5) , and production of highly reactive species of oxygen possibly resulting in autoxidative reactions (12) . Low levels ofCF can also modify the subsequent response to higher concentrations (9, 10, 13) . There seems to be specific desensitization to lysosomal enzyme release and directed migration in the Boyden assay on rechallenge with a CF. Hensen et al. (9) and Showell et al. (10) , suggest that this desensitization is not due simply to receptor blockade but may represent a control mechanism operative in the functions of the neutrophil affected by CF.
In this report, we examine the effects of exposure of neutrophils to stepwise increases in the concentration of a CF, N-formyl-L-methionyl-L-phenylalanine (f-Met-Phe). We assess changes in cellular shape, attachment to serum-coated glass, detachment from serum-coated glass, and the distribution on the cell surface ofbinding sites for albumin-coated latex beads.
METHODS
Isolatiotn of hutmeani neteutrophils. Blood samples were obtained from eight healthy adult volunteers (four women and four men). Neuitrophils were prepared using the same methodology described in a previous publication (4) .
Assessmetfofnienttrop)lii a(lhesivetless. Culture chambers were constructe(l Usinlg gaskets for Sykes-Moore chambers and two 25-mmll round(I coverglasses. These were clamped together between two specially milled brass plates. The plates contained injectioni ports and did not interfere with examinations of either coverglass under oil-immersion phasecontrast microscopy. The adherence assay was performed in these chambers as previously described (4).
Assesstinen t of chaln1ges inl netrophil shape. Suspensions of 106 cells in 1 ml of Hanks' balanced salt solution (HBSS) were exposed to the various conditions and reagents described. The pH was adjusted usinlg 5% CO2 in air. At the appropriate time, the cell suspension was added dropwise to 10 ml of cold (4°C) 1% glutaraldehyde in 0.1 M cacodylic acid (Sigma Chemical Co., St. Louis, Mo.).
The glutaraldlehy(le soltution was miiixed constantly while the cells were being addled. After remnaininig in the cold glutaraldehyde solution for 1 h the cells were washed and resuspended in 0.1 ml of distillecl water. Cells were examined using a x 100 phase-conitrast objective andl classified according to shape (4 Suspensions of glutaraldehyde-fixed cells with bound latex beads were separated from unbound latex beads by centrifugation on Ficoll-Hypaque cushions (sp gr, 1.077 g/ml at 25°C).
Presenttationi of data. The data are expressed in terms of mean ± SE M; ii represents the number of separate experiments and in most cases the number of separate donors. Each experiment contained duplicate determinations. Student's t test was used to assess significance.
RESULTS
Neutrophils were exposed in suspension to 10 nM f-Met-Phe, then washed and reexposed to 10 nM f-MetPhe. Adhesiveness and cell shape were not altered by the second stimulus. The cells seemed simply to retain the enhanced level of adhesiveness induced by the pretreatment (4). However, when cells pretreated with 10 nM f-Met-Phe were exposed to 100 nM f-Met-Phe, significant changes were observed. As with untreated cells, the higher level of CF caused a high percentage (>85) to assumie a polarized shape. Yet the adlhesiveness was significantly below that ofcontrol untreated cells (Fig. 1) . In other experiments, exposing cells initially to 100 nM f-Met-Phe followed by washing and reexposuire to 500 nM f-Met-Phe gave a level of attachmiient significanitly lower than vith a single 100-nM exposure alone (37.2+3.4% on restimulation compared with 64.8+4.2% on a single exposure, it, 4, P < 0.001). It is important to note that when the initial stimulus was high (10 uM or greater), restimulation did not reduce adhesiveness (Fig. 1) .
Timing ofthe second stimulus had a significant effect on adhesiveness. Cells were suspended in 10 nM f-Met-Phe for 2, 3, 4, and 5 min at which time the concentration of f-Met-Phe was abruptly increased to 100 nM (HBSS containing 10 nM f-Met-Phe was added to controls). Cells were then incubated for an additional 5 min and adhesiveness was tested. Adhesiveness remained high (81.6+2.1) when the CF concentration was increased after 2 and 3 min. When increased at 4 or 5 min, the adhesiveness was significantly decreased (34.1+2.4, P < 0.001, n, 5).
Effects of TLCK. The enhanced adhesiveness caused by the initial f-Met-Phe stimulus was significantly reduced by pretreatment of the cells in 0. durinig CF stimulationi (Table I) (---), control; ii, 4; differeniees in two experimenital groups at 4 and 5 min were significanit (P < 0.001).
before or after the initial stimulus, a second f-Met-Phe stimulus at a higher concentration enhanced adhesiveness in a dose-dependent fashion (data not shown). Direct observations of neutrophils responding to restimulation with f-Met-Phe. Cells pretreated with 10 nM f-Met-Phe (5 min, 22°C) or HBSS were allowed to adhere to the upper coverglass of the slide chamber. Adherent cells were washed, incubated in HBSS or TLCK (0.1 mM) for 2 min, and then exposed to 100 nM, 1 AM, or 10 .tM f-Met-Phe. Cell-spreading occurred rapidly after infusion of f-Met-Phe into the chamber. This reaction seemed unaffected by pretreatment in f-Met-Phe or TLCK (>92% spread celis at 100-150 s in each pretreatment group on exposure to 1 ,uM f-Met-Phe). In chambers with 100 nM or 1 ,uM f-Met-Phe cells gradually assumed a polarized shape typical of motile neutrophils, i.e., lamellipodia at one end and a distinct tail or uropod at the other (3). This occurred maximally between 300 and 350 s and was also unaffected by pretreatment in f-Met-Phe or TLCK (>89% bipolar cells in each pretreatment group on exposure to either 100 nM or 1 ,uM f-MetPhe). However, cells pretreated in f-Met-Phe became detached from the coverglass in greater numbers than control cells (Table II) . Detachment occurred first at the anterior end of the cells (i.e., region of the lamellipodia, Fig. 4 ) resulting in a high percentage of cells hanging by the uropod. Many of these cells eventually dropped off the glass surface and did not attach to the bottom glass surface of the slide chamber. Essentially all of these cells were washed out of the chamber by a very gentle flow of HBSS inadequate to dislodge attached cells. This enhanced detachment was prevented by exposing pretreated cells to 0.2 mNM TLCK (Table II) . Retraction fibers formed at the uropod as cells migrated across the substratum and were seen frequently in control and TLCK-treated cells (-70% of cells in both groups). Retraction fibers were less frequently observed in f-Met-Phe pretreated cells (-18%).
In contrast to these results, addition of 10 gM f-Met-Phe caused cell spreading which was retained throughout the observation period.
Bini(litig of albi inini-coatedi latex beads to nieutrophils: effects of restiin ldatio) nwithlf-Mlet-Phie. Experiments described in the above section were repeated with the following modificationi. Cells were preincubated for 5 min in 10 nM f-Met-Phe, attached to the upper coverglass of the slide chamber, and exposed to a high concenitrationi of latex beads for 4 min at 22°C. They were then washed twice in HBSS anid observed over a period of 2,600 s. FIGURE 4 Detachmnent of human neutrophils after restimulationi with f-NMet-Phe. Cells were preincubated in HBSS or 10 nM f-Met-Phe for 5 min, then allowed to adhere to a serumcoated aluminumn surface (aluminum exposed to 40% serum for 2 min then rinsed in HBSS).
The substratum was then inverted and placed in a slide chamber. The chamber was filled with 100 nM f-Met-Phe and allowed to incubate for up to 18 .3+4.6% (11, 5; P < 0.001) with beads on the uropod. Cells exposed to 0.1 mN1 TLCK before restimulationi with f-NIet-Phe had 11.5±6.8% (), 6; P < 0.001) with beads clustered at the uropod. Most cells in the latter preparation had beads distributed over the entire cell (Fig. 5b) .
CB-treated cells were spherical with beads distribuited over the surface. Restimulation of f-Mlet-Phepretreated cells in the presence of CB had little effect on the distribution of latex beads binding to the cell surface. There was some indication of beads shifting to one hemiiisphere of these spherical cells (Fig. 5c ).
Effect.s of a tlhir(1 exposuire to f-Alet-Phie. For these experimienits, album in-coated latex beads were added to the cell suspensioni simultaneously with the third fLMet-Phe challenge, and the cells were fixed in suspensioni with glutaraldehvde 30 s-2 mmii later. When the third stimulus was at a higher concentration than the second, beads were frequently observed eltustered on both poles of the cell (Table III, Fig. 6Cx and  b) . In -20% of the cells, beads were clusteredl only in the region of the lamnellipodia (Fig. 6c) . In contrast, when the third stimulus was at a lower concentration than the second, a low percentage of cells had clusters of beads on both poles anid <3% had binding only in the regioni ofthe lamnellipodia. The pattern ofbinding in this group was not siginificaintly different thain oIn cells FIGURE 5 Effects of TLCK and CB on the distribution of bound albumin-coated latex beads on human neutrophils in suspension. This illustration depicts the predominant result of the following experimenital manipulations: (a) Neutrophils were exposed to 10 nM f-Met-Phe for 5 min, washed, exposed to 100 nM1 f-Met-Phe for 10 min, and then exposed to beads for 2 min without changing the concentration of the second CF stimulus. (b) Neutrophils were exposed to 10 nMI f-MetPhe for 5 min, wvashed, then exposed to 100 nMI f-Met-Phe in the presence of 0.1 mM TLCK for 10 min and then exposed to beads for 2 min without changing the concentration of the secondl CF stimulus. (c) Neutrophils were exposed to 10 nM f-Met-Phe for 5 min, washed, exposed to 100 nM f-Met-Phe in the presenice of 5 ,g/ml CB, and then exposed to latex beads for 2 mmin without changing the concentration of the second CF stimulus. Nomarski optics; x 1,900; glutaraldehyde fixation. not receiving a third CF stimulus (i.e., 68+4.2% had beads bound only to the uropod).
In a variation of the above experiment, cells were exposed to 0.6-,unm beads 10 min after the second f-Met-Phe stimulus, then washed to remove excess beads. Larger beads (1.1 ,um Diam) were included with the third f-Met-Phe stimulus. Fig. 6d and Fig. 7 illustrate the results. Small beads were clustered at the tail of the cells and large beads were attached most frequently to the lamellipodia when the third stimulus Nvas at a higher concentration than the second stimulus. WVhen cells were allowed to incubate an additional 5 min, most of the larger beads were found adjacent to smiiall beads on the uropod. Large beads were rarely attached at any site on the cells when the third stimulus was at a lower concentration than the second.
DISCUSSION
The results in this and a previous report (4) support the idea that a single exposure of previously unNeutrophil Adhesiveness 809 Fig. 5a ). § Cells with beads clustered at both poles of the cell. If'any beads were in the midregion of the cell, then the cell was niot included in this category (see Fig. 6a ). Cells with beads attached only in the region of the laimiellipo(lia (see Fig. 6c ).
stimulated human neutrophils to f-Met-Phe causes a sustained enhancement of adhesiveness. At high concentrations the cells are typically flattened onto the substratum (5) . However, under carefully controlledl conditions, restimulation of neutrophils with f-MetPhe causes a significant drop in adhesiveness. One hypothesis to account for this effect is that the decreased adhesiveness is the result of movemiient of adhesion sites to a small area of the cell's tail. Further support for this hypothesis comes from the study of the distribution of latex beads on the surface of cells in suspension. Here we assume that the behavior of binding sites for albumin-coated latex beads is analogous to the behavior of adhesion sites for protein-coated glass. If this assumption proves to be true then the following observations are pertinent to our hypothesis: (a) Cells exposed to a second chemo- FIGuRE 6 Effect of a third f-Met-Phe stimulus on binding of albumin-coated latex heads to human neutrophils in suspension This illustration depicts the predominant result ofthe following expermental manipulations (a b and c) neutrophils were exposed to 100 nM flMetPhe for 5 min washed, then exposed to 500 nM f-Met-Phe for 15 min. Cells were then collected by centrifugation exposed to a 1-xM f-Met-Phe solution containing heads (0.8 gm Diam) for 2 min and then fixed in glutaraldehyde (d) neutrophils were exposed to 100 nM f Met.Phe for 5 mFIn washed, exposed to 500 nM f: MettPhe for 10 tactic stimulus for 10 min boun(l beads on1 the tail of the cell, often only on a small region at the tip. In some experiments cells were exposed to the beads for only 30 s before being suspended in fixative. If significant movemiient of bound beads did not occur after suspension of cells in the fixative, then it appears that the binding sites were essentially restricted to the tail. The transport of surface-bound substances to the tail of the cell has been observed in neutrophils migratinig in a chemotactic gradient (16) and in cells treated with colchicine (17) . Our results support the concept that in humilan neutrophils a similar transport is activated by an increasing chemotactic stimulus and that the process can occur without binding to a substratum or particle. Our data also indicate that the development of a polarized cellular configuratioin is separable from this transport process. AIn initial stimulus of 100 nXl f-Met-Phe or greater produced a polarized shape, but the cells exhibited increased Neutrophil Adhesivetness 811 adhesiveness, detached minimally from a proteincoated coverglass, and bound latex beads in a generally random distribution on their surface. The cells migrated across the substratum as evidenced by the development of retraction fibers and showed little tendency to transport surface-bound latex beads to the uropod. Furthermore, TLCK (0.2 mM) treatment of cells after the initial stimulation with 10 nM f-Met-Phe did not inhibit the development of a bipolar configuration upon restimulation with 100 nM f-Met-Phe though it blocked the polarized distribution of adhesion sites for latex beads, the detachment of cells from the coverglass in the slide chamber, and the expected drop in adhesiveness.
The increasing chemotactic stimulus not only induces redistribution of surface binding sites, but appears to promote additional binding. A 30-s exposure to a third and higher f-Met-Phe concentration led to binding oflatex beads in the region ofthe lamellipodia. Continued incubation in the higher stimulus led to predominant binding of beads on the uropod. Cells exposed to a decreased concentration of f-Met-Phe showed little evidence of binding on the lamellipodia. These results seem to indicate that increasing the concentration of f-Met-Phe in a stepwise manner induces discrete cycles of appearance and migration of binding sites for albumin-coated latex beads on the cell surface. If adhesion sites exhibit analogous behavior, they may play a role in orientation of cells in a gradient of CF. It seems plausible that cells orient toward a higher concentration because it stimulates a regional expression of adhesion sites.
